tures dif fer sig nif i cantly for large tem per a ture dif ference cases (>100 K). A para met ric study for both heat ing and cool ing cases in dicates that no ob vi ous en hance ment by sin gle si nu soi dal pul sa tion can be found under cur rent con di tions ex cept for cases with large tem per a ture dif fer ences at dis tances far from stag na tion point, i. e. in the wall jet re gion. Key words: pulsed impinging jet, sinusoidal pulsation, heat transfer, Nusselt number
pro cesses as so ci ated with steady im ping ing jets. Re cently, pulsed im ping ing jets have re ceived in creas ing in ter ests as flow pul sa tion is widely be lieved to in crease heat trans fer [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . However, the ex ist ing in ves ti ga tions on the in flu ence of pul sa tions on heat trans fer un der dif fer ent flow and geo met ri cal pa ram e ters show con flict ing re sults. Both en hance ment and no en hancement have been re ported. Fur ther stud ies are there fore war ranted.
Many in ves ti ga tors have re ported sig nif i cant en hance ment of heat trans fer in pulsed im ping ing jets con sid er ing the pos si ble fea tures in duced by the pul sa tions such as higher tur bulence pro moted by flow in sta bil i ties, in creased en train ment by larger vor ti ces, and non-lin ear dy namic re sponse of the hy dro dy namic and ther mal bound ary lay ers etc. [5] [6] [7] [8] [9] [10] [11] [12] [13] . Kataoka et al. in di cated that the stag na tion point heat trans fer for axisymmetric sub merged jets was en hanced by im pinge ment of large-scale struc tures [5] . Zumbrunne et al. have re ported a two fold enhance ment of heat trans fer in a pla nar im ping ing wa ter jet with pul sa tion fre quency in or der of 100 Hz [6] . The ex per i men tal work shows that the en hance ment de pends on Reynolds num ber, im pinge ment height, fre quency, and am pli tude of pul sa tions [6, 8, 9] . The tests by Sailor et al. show that the duty cy cle rep re sent ing the ra tion of pulse cy cle on time to to tal cy cle time has a sig nif i cant ef fect on the heat trans fer en hance ment in an im ping ing air jet [10] . Camci et al. found strong in creases in heat trans fer at very large noz zle-to-plate dis tance (H/w = 24~60) and Reynolds num bers of 7500-14000 [11] . The mea sure ments of heat trans fer in cir cu lar air jet by Zulkifli et al. show that the stag na tion point heat trans fer does n't show any en hance ment but the lo cal heat trans fer away from the stag na tion point is sig nif i cant en hanced for the higher tur bulence in ten sity in this re gion [12, 13] .
Some in ves ti ga tors only found a mar gin ally ben e fi cial ef fect of pul sa tion on heat trans fer [14] [15] [16] [17] [18] , Chaniotis et al. nu mer i cally stud ied the ef fect of jet pul sa tion on heat trans fer and fluid dy nam ics char ac ter is tics of sin gle and dou ble jet im pinge ment on a con stant heat flux heated sur face with the smooth par ti cle hy dro dy nam ics meth od ol ogy, they stated the im provement of pul sa tion in the max i mum tem per a ture is not very large [15] . Behera et al. in ves ti gated the ef fect of si nu soi dal-and square-wave pul sa tions on heat trans fer by com pu ta tional fluid dynamic (CFD), and show that the aug men ta tion of the si nu soi dal-wave pul sa tion which is less than 10% takes ef fect only for large am pli tudes (>40%) [16] . The nu mer i cal re sults of Poh et al. on a 2-D pla nar im ping ing jet show that the heat trans fer per for mance en hance ment of both of lam i nar and tur bu lent pul sa tions is mar ginal [17, 18] .
While many in ves ti ga tions in di cate no en hance ment of heat trans fer or even show some de te ri o ra tion of heat trans fer as the pul sa tion en ergy mainly con trib utes to mix ing be tween the jet and en vi ron ment [19] [20] [21] [22] [23] [24] . Fallen found no in flu ence of pul sa tion on heat trans fer in lam inar flow, and only a slight in crease or de crease in tur bu lent flow de pend ing on fre quency [19] . The ex per i ments on cool ing per for mance with an im ping ing wa ter jet by Sher iff et al. where both of si nu soi dal and square-pulse wave forms were used in di cate that the re duc tions of lo cal heat trans fer by the si nu soi dal pul sa tion de crease mark edly from the stag na tion point [20] . The in ves ti ga tion of Azevedo et al. on jet im pinge ment with a ro tat ing cyl in der valve for a range of pulse fre quency show that heat trans fer de graded for all fre quen cies [21] . Mladin et al. re ported a neg li gi ble in crease (1%) in heat trans fer in case of low am pli tude and high fre quen cies and a de crease of heat trans fer by the pul sa tion of up to 17% over a large range of fre quen cies, and they ar gued that high pulse fre quency and low am pli tude are better that low fre quency and high am pli tude [22, 23] . The ex am i na tions of axisymmetric im ping ing jets by Vejrazka also show no in flu ence of pul sa tion on heat trans fer [24] .
Sev eral re search ers pre sented thresh old val ues for ef fec tive pulsed im ping ing jet heat trans fer [25, 26] . Mladin et al. re ported a thresh old Strouhal num ber (0.26), be low which no signif i cant heat trans fer en hance ment is ob tained [25] . How ever, Sailor et al. still found sig nif i cant en hance ment in the stag na tion point heat trans fer for pulse flow at Strouhal num ber be tween 0.009 and 0.042 [10] . Re cently, Hoffmann et al. in ves ti gated the in flu ence of a pul sa tion on flow struc ture and heat trans fer with ex per i ments, and de ter mined the thresh old Strouhal number for small noz zle-to-plate dis tances to be in or der of 0.2 [26] .
Be cause of the com plex ity of flow struc tures and the non-lin ear dy nam ics in the bound ary layer in duced by pul sa tion, pulsed jet im pinge ment flow and as so ci ated heat trans fer has been a chal leng ing prob lem and shown some in trigu ing as pects. The re lated phys ics for the pulsed jet im pinge ment is not yet well-un der stood. Thus, the ob jec tive of this cur rent study is to ex am ine the in flu ence of the si nu soi dal pul sa tion on the heat and mass trans fer in im ping ing jet by CFD method. The ef fect of Reynolds num bers and fre quency as well as am pli tude of the sinu soi dal pul sa tion, tem per a ture dif fer ences, and geo met ri cal con fig u ra tion will be dis cussed for fur ther un der stand ing of flow and ther mal char ac ter is tics in pulsed im ping ing jet.
Math e mat i cal model
As shown in fig. 1 , a two di men sional symmet ric slot im ping ing jet con fig u ra tion will be nu mer i cally mod eled. Due to geo met ric and flow sym me try, only the flow field within the half do main is solved. The fluid (air) was assumed to be in com press ible and New to nian with tem per a ture-de pend ent fluid prop er ties, and the vis cous forces were neg li gi ble. Nu meri cal sim u la tion of the flow and ther mal fields in a semi-con fined tur bu lent im ping ing jet requires the so lu tion of the con ti nu ity, eq. (1), the Navier-Stokes, eq. (2), and the en ergy eq. (3):
The Reynolds num ber based on the mean jet exit ve loc ity u jet and slot width w is Re = = ru jet w/m. Many dif fer ent tur bu lence mod els e. g. k-e, k-w, Reynolds stress, and v 2 f model were used to model tur bu lent flow in steady im ping ing jets. The k-e model can only pres ent rea sonable agree ment with ex per i men tal data for cer tain cases, as it can not han dle rapid length scale change and strong stream line cur va ture in the stag na tion area, which can cause an anom a lous tur bu lence pro duc tion and lead to over-pre dic tion of the heat trans fer [27] . The k-w model has re ceived at ten tion in mod el ing tur bu lent im pinge ment flows as it is easy to im ple ment and of ten pre dicts better re sults com pared to those us ing the k-e model [28] . The Reynolds stress model (RSM), tak ing ani so tropy of the tur bu lence in the near-wall re gion ac count, has been shown to be su pe rior to those k-e and k-w mod els [29, 30] . The v 2 f model has also been in di cated good agree ment with a wide range of ex per i men tal re sults [31] . How ever, the v 2 f model is more expen sive as it re quires res o lu tion all the way to the wall with out wall func tion ap prox i ma tion. In the pres ent study, these four tur bu lence mod els will be firstly tested for si nu soi dal pulsed tur bulent im ping ing jet.
The fol low ing bound ary con di tions were used. A si nu soi dal pul sa tion with flat ve locity pro file was ap plied at the in let of the im ping ing jet as de scribed be low:
The jet flow and im pinge ment sur face were spec i fied as iso ther mal, and the con finement wall was con sid ered to be adi a batic; the uni form ve loc ity, tem per a ture, tur bu lent ki netic en ergy and en ergy dis si pa tion rate pro files were as sumed at the noz zle exit; no-slip con di tion was im posed at the im pinge ment wall; the sym me try and fully de vel oped out flow bound ary con di tions were taken at sym me try and out let planes. The ini tial con di tions (t = 0) through out the com pu ta tional do main can be de scribed as: u = v = 0, p = p 4 , and T = T 4 . The fi nite vol ume CFD code FLUENT 6.3 was used to nu mer i cally solve the flow and ther mal fields in the pulsed tur bu lent im pinge ment jet on a two di men sional sym me try do main. As the near-wall treat ment is im por tant in sit u a tions with heat and mass transfer near solid sur faces, thus, the bound ary layer near the sur face was kept in the or der of y + » 1. Grid-in de pend ence of the fi nal re sults was checked with dif fer ent grid den si ties. Fig ure 2 shows the ef fect of grid size on the pre dicted time-av er aged Nusselt num ber dis tri bu tion. Typi cally, a grid den sity of 150 × 50 pro vides sat isfac tory so lu tion for the ex am ple shown. A sec ond up wind discretization scheme was used con sid ering the sta bil ity of so lu tion con ver gence and the SIMPLEC al go rithm was em ployed for the pressure-ve loc ity cou pling.
Re sults and dis cus sion
The lo cal Nusselt num ber for an iso ther mal im pinge ment sur face is con ven tion ally defined as:
The ther mal con duc tiv ity of jet fluid k can be cal cu lated ac cord ing to dif fer ent ref erence tem per a tures. Gen er ally, the fluid con duc tiv ity cal cu lated at jet tem per a ture T j , film temper a ture T f = (T j + T s )/2 and im pinge ment sur face tem per a ture T s , and the cor re spond ing Nusselt num bers are de noted by Nu j , Nu f , and Nu s , re spec tively. The Nusselt num ber var ies with time and po si tion, there fore, the time-av er aged lo cal Nusselt num ber and time-av er aged to tal Nusselt num ber can be, re spec tively, cal cu lated by:
So far, most stud ies have in volved small tem per a ture dif fer ences be tween that of jet flow and tar get sur face. Un der small tem per a ture dif fer ences, all fluid prop er ties can be regarded as tem per a ture-in de pend ent and the dif fer ences be tween the lo cal Nusselt num bers calcu lated with ther mal con duc tiv ity val ues at the jet, film, and im pinge ment sur face can be neglected. How ever, in some in dus trial ap pli ca tions such as fast pa per dry ing and tur bine blade cool ing, very high tem per a ture and large tem per a ture dif fer ence which in volve tem per a ture-depend ent thermophysical prop er ties are used to ob tain very high heat trans fer rates. The study of Shi et al. on steady tur bu lent slot im pinge ment jet in volv ing tem per a ture dif fer ences rang ing from 12 to 272 °C in di cates that large tem per a ture dif fer ences lead to sig nif i cant dif fer ences in the heat trans fer co ef fi cients [32] . It is there fore nec es sary to com pare lo cal Nusselt num ber with the three def i ni tions in pulsed im ping ing jet un der large tem per a ture dif fer ences.
Model val i da tion
Since few in ves ti ga tions have been con ducted on the pre dic tive abil ity of var i ous tur bu lence mod els for pulsed tur bu lent im ping ing jets, four tur bu lence mod els fre quently used for steady tur bu lent im ping ing jets: stan dard k-e model, k-w model, RSM, and v 2 f model were tested for si nu soi dal pulsed tur bu lent im ping ing jet for a cool ing ap pli ca tion. The time-av er aged Nusselt num ber cal cu lated at the film tem per a ture Nu f was used to val i date pres ent math e mat i cal mod els; the film tem per a ture is usu ally adopted in ex per i men tal cal cu lations [9] . Fig ure 3(a) shows a com par i son be tween the nu mer i cally pre dicted lo cal time-av eraged Nusselt num ber Nu f dis tri bu tions and that of pulsed and steady im ping ing jet ex per i - ments for H/w = 5 and Re = 5500. It can be seen that the RSM pre dicts better lo cal Nusselt num ber dis tri bu tion at am pli tude A = 17% and fre quency f = 41 Hz . Fig ure 3(b) shows a compar i son be tween the nu mer i cally pre dicted time-av er aged Nusselt num ber Nu f dis tri bu tions by RSM with that of pulsed im ping ing jet ex per i ments un der H/w = 5 and Re = 1000, 5500, and 11000. Con sid er ing the rel a tively large rel a tive er ror of the ex per i ments (9.6%, 10.6%, and 12% for Re = 1000, 5500, and 11000, re spec tively), the RSM can cap ture the over all shape of the Nusselt num ber dis tri bu tion rel a tively well. The RSM model can make rea sonable pre dic tion near the stag na tion point but slightly over es ti mates the mag ni tudes of Nusselt num ber in the wall jet re gion. Thus, this model is there fore deemed ac cept able for sub se quent sim u la tion runs.
Para met ric study for cool ing case
For the cool ing case, the tem per a ture of jet flow is set as T 4 , and the tem per a ture dif ferences be tween the jet flow and that of im ping ing sur face range from 50 to 400 K. The ef fects of Reynolds num ber rang ing from 5500 to 25000, fre quency from 20 to 80 Hz and am pli tude from 5 to 50% as well the noz zle-to-plate dis tance rang ing from 3 to 8 are dis cussed for fur ther un derstand ing of the flow and ther mal char ac ter is tics in pulsed tur bu lent im ping ing jets un der large tem per a ture dif fer ences and to ex am ine the ef fect of pul sa tion on heat trans fer. Nusselt num bers at large tem per a ture dif ferences be tween im ping ing jet and im pinge ment sur face of DT = 50 K, DT = 100 K, DT = 200 K, and DT = 400K, re spec tively. In the cool ing case, as the jet flow tem per a ture is lower than that of the im pinge ment sur face, the time-av eraged Nusselt num ber with jet tem per a ture is larger than that with film tem per a ture which is larger than that with im pinge ment sur face temper a ture, Nu j > Nu f > Nu s . At a low tem per a ture dif fer ence, DT = 50 K, the three time-av er aged Nusselt num bers are as ex pected close to each other and the max i mum dif fer ence be tween Nu j and Nu s is within 10% which can be ap prox imately ne glected, fig. 4(a) . How ever, the dif ference be tween the three Nusselt num bers increases as the tem per a ture dif fer ence in creases. For ex am ple, at large tem per a ture dif fer ence DT = 400 K, Nu j is even two times larger than Nu s . Fig ure 5 shows the dis tri bu tions of lo cal time-aver aged Nusselt num ber at film tem per a ture un der var i ous tem per a ture dif fer ences be tween the jet flow and im pinge ment sur face. It is clear that the larger of the tem per a ture dif fer ence, the smaller of the time-av er aged Nusselt num ber. Neg li gi ble dif fer ence be tween pulsed and steady im ping ing jet is ob tained even at large tem per a ture dif fer ence.
The ef fect of the mean jet Reynolds num ber on time-av er aged Nusselt num ber is portrayed in fig. 6 , where it can be ob served that in creas ing Reynolds num ber en hances heat transfer in pulsed im ping ing jet. Un der the pres ent con di tions (H/w = 5, DT = 100 K, A = 17%, f = = 41 Hz) and Reynolds num ber rang ing from 5500 to 25000, al most no en hance ment on heat trans fer can be found that is at trib ut able to pul sa tion. Even at dif fer ent am pli tudes and fre quencies of pul sa tion, the ef fect of pul sa tion on heat trans fer in im ping ing jet is not ap pre cia ble (fig. Fig ures 7(a) and (b) in di cate that the ef fects of am pli tude and fre quency on the time-av eraged lo cal Nusselt num ber dis tri bu tion are very small, even neg li gi ble. Fur ther cal cu la tion in dicates that a scal ing law can be found be tween the time-av er aged to tal Nusselt num ber and Reynolds num ber as Nu ave ~ Re 0.74 , and the time-av er aged lo cal Nusselt num ber at stag nation point (x/w = 0) re lates with Reynolds number as Nu 0 ~ Re 0.55 at H/w = 5, and DT = 100 K .  Fig ure 8 shows the time-av er aged Nusselt num ber dis tri bu tion for var i ous noz zle-to-plate spac ings. It can be seen that the ge om e try of the im ping ing jet has im por tant ef fect on its heat and mass trans fer per for mance. It is clear from fig. 8 that the lo cal Nusselt num ber near the stag na tion point in creases as noz zle-to-plate dis tance in creases, which is con sis tent with the ex per i men tal data [9] .
Para met ric study for heat ing case
The tem per a ture of the im pinge ment sur face is taken as T 4 , while the jet flow tem per a ture is much larger than that of im pinge ment sur face for heat ing. Nu mer i cal cal cu la tions were performed for heat ing cases to in ves ti gate the ef fect of pul sa tion on heat and mass trans fer. The param e ters con sid ered are tem per a ture dif fer ences (50 K £ DT £ 400 K), mean jet Reynolds numbers (1000 £ Re £ 11000), pul sa tion am pli tude (5% £ A £ 50%) and fre quency (20 Hz £ f £ 60 Hz), as well the noz zle-to-plate dis tance (3 £ H/w £ 10). In the heat ing cases, as the jet flow temper a ture is larger than that of the im pinge ment sur face, Nusselt num ber at jet tem per a ture is lower than that at the film tem per a ture which is in turn smaller than that at im pinge ment sur face tem pera ture, Nu j < Nu f < Nu s . The nu mer i cal cal cu la tions show that re duced tem per a ture dif fer ence and in creased Reynolds num ber can both en hance the time-av er aged lo cal Nusselt num ber ( fig. 9) , which is sim i lar to that ob served for the cool ing case. Fur ther more, no ev i dent en hance ment of heat trans fer by pul sa tion can be found for the heat ing case as well. At H/w = 5 and DT = 50 K, the time-av er aged lo cal Nusselt num ber at stagna tion point (x/w = 0) and the time-av er aged total Nusselt num ber show scal ing laws as Nu 0 R e 0.71 and Nu ave ~ Re 0.76 with Reynolds num ber, re spec tively. Fig ure 10 shows the time-av eraged Nusselt num ber dis tri bu tion for dif fer ent noz zle-to-plate spac ing. It can be ob served that the ge om e try of the im ping ing jet has an im portant ef fect on its heat and mass trans fer. It is clear from fig. 10 that the Nusselt num ber decreases with in crease of noz zle-to-plate distance, which is op po site to that of the cool ing case.
Con clud ing re marks
The ef fects of large tem per a ture dif fer ences, mean jet Reynolds num ber, fre quency, and am pli tude of pul sa tion as well as the noz zle-to-plate dis tance on heat trans fer in im ping ing jet are stud ied for both cool ing and heat ing ap pli ca tions, re spec tively. The nu mer i cal re sults show that the lo cal time-av er aged Nusselt num bers cal cu lated with var i ous ther mal con duc tivity val ues at the jet, film, and im pinge ment sur face tem per a tures in both cool ing and heat ing cases dif fer sig nif i cantly for large tem per a ture dif fer ences (>100 K). The tem per a ture dif ference and Reynolds num ber have sig nif i cant in flu ence on heat trans fer un der pulsed tur bu lent im ping ing jets. In creased tem per a ture dif fer ences can re duce the Nusselt num ber, whereas increas ing Reynolds num ber re sults in Nusselt num ber en hance ment. The re sults in di cate that the lo cal Nusselt num ber at stag na tion point and the av er aged Nusselt num ber cor re late with the mean jet Reynolds num ber with sim i lar scal ing laws. The Nusselt num ber in creases with increase of noz zle-to-plate dis tance near the stag na tion point in cool ing case, which is op po site to that of the heat ing case. No ob vi ous en hance ment by sin gle pul sa tion can be found un der cur rent con di tions ex cept for cases with large tem per a ture dif fer ences at dis tance far from stag na tion point.
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